Introduction
During plastic deformation of metals and alloys a small fraction, between 1 and 5 %, of the energy employed in cold working, is stored inside the material in the form of defects, mainly dislocations. [1] [2] [3] This stored energy derived from cold working is the driving force for recrystallization and is released during annealing. Despite recrystallization presents one of the smallest driving forces amongst the solid state transformations, for highly deformed metals, measuring stored energy due to deformation can be assessed by calorimetric methods. [4] [5] [6] For austenitic stainless steels (ASSs), depending on steel composition and processing variables, plastic deformation apart from introducing crystal defects, can also cause the appearance of deformation-induced martensites, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] DIM, which has an important influence on the strain-hardening coefficient and on the formability. Two types of martensite may occur in the ASSs, namely: aЈ-(bcc, ferromagnetic) and e-(hcp, paramagnetic). Some researches 9, 12) show that for low deformation levels the amount of e-martensite is predominant in relation to aЈ. When the quantity of aЈ grows continuously with the degree of deformation, the amount of e-martensite goes through a maximum and lowers thereafter, suggesting the following transformation sequence: g→e→aЈ.
Reversion of aЈ-martensite of the DIM in the ASS is less studied than its formation. A good judgment about the thermal stabilities of the e-and aЈ-martensites, as well as the deformation bands introduced by cold working, can be obtained from the work of Singh. 16) He detected that during annealing (with duration of 1 h) of a cold rolled AISI 304, e-martensite remained stable up to 200°C, that aЈ was stable up to 400°C, whereas deformation bands stayed in nonrecrystallized regions up to 800°C. Guy and co-authors 25) studied the reversion of aЈ induced by cooling and by deforming in two different steels (18%Cr-8%Ni and 18%Cr-12%Ni). In both cases, after 2 min at 600°C, practically all aЈ-martensite reverted to austenite. Martins and co-authors 26) studied reversion of aЈ-martensite in the 304 and 304L steels and concluded that the reversion temperature was little sensitive to the type of steel, strain and the effect of precipitation treatments introduced prior to cold working. For the 12 studied conditions (2 steelsϫ2 pretreatments and 3 strain levels), the temperature (annealing for 1 h) for 50 % aЈ (T 50%RM ) reversion was always within the 550Ϯ20°C range. Tavares and co-authors 27) studied reversion of aЈ-martensite and observed that the T 50%RM depended only slightly on strain and heating rate. The temperatures, measured for 3 levels of strain and 3 heating rates, stayed between 549 and 573°C. Analysis of the above mentioned works 16, [25] [26] [27] shows that reversion of the strain induced martensites in the ASS occurs at temperatures much lower than the recrystallization temperature, despite the complete reversion of aЈ-martensite, may reach temperatures of the order of 750°C.
The main objective of this work is to verify if it is possible to separate, with the help of calorimetry, the phenomena of reversion of deformation-induced martensite and recrystallization in a AISI 304 cold worked austenitic stainless steel.
Experimental Procedure
Samples of AISI 304 were received as sheets with 1.5 mm thickness. The final processing stages were cold rolling followed by annealing. Chemical composition is given in Table 1 .
Samples were initially solution annealed at 1 100°C for 1 h followed by water cooling. After solution annealing, steels AISI 304 presented an average grain size of 157 mm. The samples were cold rolled with reductions of 10 to 60 %. The samples having a 60 % cold reduction were subsequently annealed at temperatures of 500, 550, 650, 700, 750, 850, 900, 950, and 1 000°C for 1 h. Samples having a 60 % cold reduction were also submitted to 12 isothermal annealing cycles at 750°C with times ranging from 5 min to 24 h.
Two rolling mills were used in this work. For the determination of the work hardening curves (hardness versus thickness reduction) and the aЈ-martensite formation curves (aЈ-martensite % versus thickness reduction) a precise laboratory rolling mill was used. On the other hand, for the annealing experiments the specimens were cold rolled in an industrial equipment. Both equipments produced different amounts of aЈ-martensite, for the same level of cold work. 26) Several complementary microstructural analysis techniques were employed: optical microscopy (OM), scanning electron microscopy (SEM), energy dispersive analysis (EDX), transmission electron microscopy (TEM), X-ray diffraction (XRD), phase magnetic detection (PMD) and hardness measurements. X-ray diffractions were obtained with a diffractometer with a CuK a1 (lϭ0.15405 nm) radiation. Determination of eventual magnetic phases, in the present case aЈ-martensite, was done on a Fisher ferritoscope. This equipment has a 0.1 % ferrite detection limit. Hardness measurements, used in the determination of hardening and softening curves, were made with a 10 kg load. These techniques are described elsewhere 26) in detail. A cold worked sample was annealed non-isothermally in a differential scanning calorimeter (DSC). A 100 mg sample was heated between 25 and 1 000°C at a heating rate of 20 K/min in argon. During testing, the DSC measurement was repeated in form of a second run, i.e. immediate repetition, since reversion of deformation-induced martensite and recrystallization are irreversible and that the heat flux difference between two consecutive runs eliminates all other contributions that may cause signal noises, hence imbalance to the calorimeter. Figure 1 shows the Vickers hardness variation (Fig. 1(a) ) and the % aЈ-martensite (Fig 1(b) ) with thickness reduction.
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Results and Discussion
No e-martensite (HCP, non-magnetic) was detected in the present work. An explanation for this is that at the high strains employed, e-martensite, that might be eventually formed, would be already transformed to aЈ-martensite. Figure 2 presents the softening curves ( Fig. 2(a) ) and the reversion of aЈ-martensite (Fig. 2(b) ) of the samples that were 60 % reduced in thickness and that have been through isochronous annealing (1 h at different temperatures). In Fig. 2(a) it is possible to observe that the 50 % softening temperature is situated about 700°C. As this steel has a low stacking fault energy, it is reasonable to suppose that recovery has a small contribution to softening and that 50 % softening corresponds approximately to 0.5 fractional recrystallization. 28) From Fig. 2(b) it is possible to determine a 50 % reversion temperature (T 50%RM ): about 550Ϯ20°C. This temperature range is below the recrystallization temperature. Furthermore, its kinetics is faster than the recrystallization. For example, at 750°C, the aЈ-reversion was nearly complete after 5 min treatment. Figure 3 presents the obtained DSC curves, from which one endothermic and two exothermic peaks may be observed (upper curve). The endothermic peak, situated between 470 and 550°C can be attributed to the reversion of aЈ-martensite (see Fig. 2(b) ) into austenite. The second exothermic peak, situated between 660 and 850°C, can be attributed (see Fig. 2(a) ) to recrystallization. The first exothermic peak presents a minimum about 590°C, may be caused by chromium carbide precipitation reactions. Once the sample reaches 1 000°C and cools to room temperature, the same sample is reheated (second run) under the same conditions (lower curve) and no peaks have been observed this time. This implies that the peaks observed in the first run are truly related to the elimination of martensite and elimination of crystal defects and possibly to precipitation reactions.
Analyzing the endothermic peak, attributed to the reversion of aЈ-martensite, the energy associated to martensite reversion may be evaluated. If we consider that only about 12 % martensite (from Fig. 2(b) ) has been reverted to austenite, we can estimate (from Fig. 3 ) that the energy due to the aЈ→g reversion is about 8 J/g (440 J/mol). Despite that enthalpies of martensite reversion in austenitic stainless steels have not been found in the literature, some related values may be used as a base for comparison. If we consider the work of Orr and Chipman 29) it may be observed that the latent heat of the phase transformation a→g of pure iron at 912°C is 900 J/mol. On the other hand, the work of Lee et al. 30) reports that the heat evolved during martensite formation in an Fe-18.5Cr-8.7Ni alloy (in the temperature range of 20 and Ϫ117°C) is ϳ1920 J/mol. Here it must be pointed out that the alloy used in the present work is similar to the austenitic stainless steel mentioned above, yet the transformation temperature is about 550°C (i.e., between the transformation temperatures mentioned in the literature) and that the reaction direction is similar to the one occurring in pure iron. The energy associated to the first exothermic reaction (first exothermic peak in Fig. 3 ) can be attributed to the (Cr, Fe) 23 C 6 precipitation reaction. The temperature of 590°C is somewhat low for the precipitation maximum kinetics, however it has been taken into account that cold deformation of the solution annealed steel enhances precipitation. 31, 32) The heat of formation for Cr 23 C 6 is much higher than the one for the other two reactions (martensite reversion and recrystallization), but since the precipitated carbide amount is about 1 %, the corresponding energy release is consistent with the experimental result of 1.47 J/g.
The energy associated to the second exothermic reaction (second exothermic peak in Fig. 3 ), which by comparing temperatures of Figs. 2(a) and 3 can be attributed to recrystallization, cannot be evaluated with the same confidence as in the case of the endothermic peak, since the reaction interval is rather uncertainly defined. Thus the amount of about 3 J/g (173 J/mol) for the energy release is an approximation only.
Stored energy values of rolled austenitic stainless steels have not been found in the literature. On the other hand, from the measured mechanical data of the steel ( Fig. 1(a) ) the stored energy can be estimated.
Using the approximate relationship 33) that relates flow stress (s) to the Brinell hardness (HB): where a is a constant of the order of 0.5 and G and b are shear modulus and Burgers vector is well known. Equation (2) has been shown 34) to hold for a wide variety of materials. Further, an additional approximate relationship between stored energy (E Stor ) and the dislocation density can be used 3) : In Eq. (4) s is the increment of flow stress due to dislocations produced by cold rolling. Using the experimental data of Fig. 1(a): sϭs (for 60 % thickness reduction)
Ϫs (for 0 % thickness reduction) ϭ918 MPa and Gϭ75ϫ103 MPa 35) a value of E Stor ϭ2.9 J/g (160 J/mol) is obtained. Thus the calorimetrically determined amount of energy release during recrystallization and the value of stored energy due to dislocations produced by cold rolling are in good agreement.
